Thirteen vibration-rotation-tunneling (VRT) bands of the CH4-H,O complex have been measured in the range from 18 to 35.5 cm-' using tunable far infrared laser spectroscopy. The ground state has an average center of mass separation of 3.70 A and a stretching force constant of 1.52 N/m, indicating that this complex is more strongly bound than Ar-H,O. The eigenvalue spectrum has been calculated with a variational procedure using a spherical expansion of a site-site ab i&o intermolecular potential energy surface [J. Chem. Phys. 93, 7808 ( 1991)]. The computed eigenvalues exhibit a similar pattern to the observed spectra but are not in quantitative agreement. These observations suggest that both monomers undergo nearly free internal rotation within the complex.
I. INTRODUCTION
Water-hydrophobe interactions govern essential features of many chemical and biochemical processes. Considerable controversy exists in the literature concerning the correct molecular description of the macroscopic phenomena commonly associated with hydrophobic interactions (e.g., phase separation of oil and water, micelle formation, tertiary protein structure),lm3 and the lack of accurate intermolecular potentials for describing the interaction of water with "hydrophobic" molecules certainly constitutes an impediment to this endeavor. Recent studies of the prototypical system Ar-H,O (Refs. 4 and 5) represent the initial phase of ongoing efforts in this laboratory to obtain accurate experimental potentials for describing hydrophobic interactions. Numerous vibration-rotation-tunneling (VRT) states of several isotopes were measured by tunable far infrared laser spectroscopy of Ar-Hz0 clusters formed in a cw planar supersonic expansion. These data were then used in a direct nonlinear least-squares fit to determine the full three-dimensional anisotropic intermolecular potential surface (IPS) describing the interaction of an Ar atom with water. 6'7 The results of the Ar-H,O studies provide the framework in which to interpret and understand the spectra and dynamics of more complicated systems, such as CH,-H,O. The CH4-HZ0 complex is the simplest hydrocarbon-water cluster, and is closely related to Ar-HZ0 since the charge distribution of the methane is almost spherical, with the octopole as the lowest nonvanishing multipole moment. Therefore, in CH4-HZ0 only high order terms in the multipole expansion of the electrostatic interaction (octopoledipole, hexadecapole-dipole, . ..) are present; thus the spectra of this complex probe the importance of these higher *)Permanent address: Dipartimento di Chimica "G. Ciamician," Universit& di Bologna, via Selmi 2, 40136 Bologna, Italy. "Present address: Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138. "Present address: Department of Chemistry, University of Rochester, Rochester, New York 14627.
order terms in the IPS, whereas they are usually neglected when the more typical low order terms are present. This study and the accompanying microwave (MW) work' constitute the first spectroscopic studies of this cluster; in fact it is only within the last 3 years that any high resolution spectra for methane containing complexes have been reported. Legon and co-workers have studied dimers of the type CH,HX [X=F (Ref. 9), Cl (Ref. 9) , CN (Refs. 10, 1 l), Br (Ref. 12) ] and Ohshima and Endo have investigated the internal dynamics of methane within the CH4-HCl complex. l3 These studies indicate that methane acts as a proton acceptor. However, microwave spectra probe only the average structure in a given VRT state (usually the ground state), and do not necessarily yield structures that have any fundamental relationship to the intermolecular forces acting in the system. This has been shown, for example, in the cases of the Ar-H,O (Refs. 6, 7) and complexes.
Theoretical studies of the CH4-HZ0 complex have been carried out, '5-'7 but there are serious discrepancies among the results. The ab initio calculations of Szcz#niak ef al. I5 support previous theoretical results of Novoa ef uZ.,16 indicating that the global minimum occurs indeed at the C* * *H-O contact. On the contrary, the global minimum configuration found by Woon et a1.,17 in their ab initio study, occurs at the C-H***0 contact.
Tunable far-infrared (FIR) laser spectroscopy has been used to obtain the first high resolution VRT spectrum of CH,H,O produced in a cw planar supersonic jet. Six bands with origins between 18 and 19 cm-' and seven bands with origins in the range 25.5-35.5 cm-' have been rotationally assigned. The bands sample 13 different VRT levels as upper states, and 8 levels as lower states, which match the observed MW data.* The slow interconversion of different nuclear spin conformers in the supersonic expansion leads to population of at least six different VRT levels of the complex, and the observed high vibrational level density is the result of the slightly hindered internal motion of both monomers within the cluster.
The CH,-H,O system is much more complicated than mixture was expanded continuously through a 100X0.025 mm slit into a chamber maintained at 250 mTorr by a 1200 e/s Roots system. We have scanned from 500 to 1125 GHz. The coverage is almost continuous above 900 GHz, but not below this frequency. Background subtraction has been implemented by taking two scans and turning off the CH, in the second one; in this way only spectral features requiring CH4 have been observed. In all, 950 peaks have been recorded, and we have been able to give an unambiguous rotational assignment for 329 of them, as described in the following sections.
Ill. SYMMETRY any other system for which an anisotropic IPS has been experimentally determined. Detailed experimental intermolecular potential surfaces have been developed for several two-dimensional systems (Ref. 18) , X=halogen (Ref. 19) ], for the three-dimensional system Ar-H20,6,7 and for the (quasi) four-dimensional system Ar-NH3.14 The high symmetry of the CH,-HZ0 cluster, compared to (H,O),, makes investigation of the IPS a reasonable starting point for the development of general methods for treating the pair-wise interactions of polyatomic molecules, such as the water dimer. Nevertheless, significant advances in computational approaches for determining the eigenvalues of strongly coupled multidimensional systems are still required before a parametrized sixdimensional IPS can actually be determined from the experimental data.
The experimental data allow rigorous assignment of the total angular momentum (J), its projection (a) along the van der Waals (vdW) axis, and the relative parity of connected states. The molecular symmetry (MS) group of CH4-H20 will be used for identification and labeling of the observed VRT energy levels and to determine the optical selection rules. The MS group is the set of the feasible nuclear permutations, that is, the feasible nuclear permutation group, plus the products of these operations with the space-fixed inversion operator; by a feasible permutation one means an interchange of the hydrogen nuclei of the cluster that lead to a structure which is separated from the initial structure by an accessible potential barrier.
In this work we perform approximate calculations to obtain the bending VRT levels of the complex, using the site-site potential of Woon et al. l7 expanded in products of Wigner rotation matrices. A comparison of these results to the experimental data indicates that either a less approximate method or a more reliable potential surface, or both, will be required to obtain a quantitative agreement between theory and experiment.
II. EXPERIMENT
Both the tunable FIR laser system and the planar supersonic jet have been described in detail previously.20*21 Tunable FIR radiation is generated by mixing the output of a narrow band ( < 100 kHz), fixed frequency, optically pumped FIR laser with the output of a MW synthesizer or its harmonics in a Schottky barrier diode. The tunable radiation is separated from the fixed frequency carrier with a polarizing Michelson interferometer, and then directed to multipass optics enclosing the planar supersonic expansion. The radiation, detected by a Putley mode InSb detector, is monitored via lock-in detection at 2f. In this study the fixed frequency radiation was provided by the laser lines reported in Table I .
If methane and water are assumed to be nearly free internal rotors within the complex, the MS group for the cluster is the direct product of three groups, the nuclear permutation groups of the two monomers (because all permutations are possible), and a group, isomorphic to C',, formed by identity and inversion operations (this preserves the handedness of the methane). This group is designated G4s and its character table is given by Bunker, 22 and is reproduced in Table II . The numbers 14 represent CH, hydrogens and the letters a and b represent H20 hydrogens. The labels describing the irreducible representations of G4s can be understood by considering a direct product wave function $cH4 8 r,!+r,o o &.,-, . The letters A, E, and F indicate the degeneracy of the state as well as the symmetry of the internal functions ($cH4) which describe the motions of the CH, monomer within the molecule. The superscripts f refer to the symmetric/antisymmetric property of the internal rotation functions of the H20 subunit ( hZo) with respect to interchange of the hydrogens; the symmetric para states are labeled I'+, while the ortho states are of I-symmetry. Finally, the subscripts 1 and 2 refer to the symmetry of the state with respect to the parity operator. The overall parity depends on the parity of $cH4, JIHZo, and on the parity of the overall end-over-end rotational function &+, .
Clusters of CH,H,O
were generated by flowing argon over water and mixing the resulting Ar/H20 mixture with methane in a 5:l ratio. The composition of the mixture was controlled using MKS flow controllers. The Ar/CHJH,O An electric dipole allowed transition connects only states with the same methane and water symmetry, but with opposite overall parity, because of the antisymmetric behavior of the dipole operator with respect to the space inversion. Note from the character table that for states of E symmetry the two parities are degenerate (no subscripts A:
are required). This fact will be useful in determining the symmetry of states with nonzero vibrational angular momentum; such states having fi > 0, but with no observable splitting between the two different parity components, will be assigned to E symmetry. The states that have observable parity doubling cannot be of E symmetry, but it is impossible to rigorously distinguish between either A or F symmetry, thus these states will be designated as A/F. Experimental measurement of the small hyperfine structure associated with the hydrogen nuclei in this cluster could be used to confirm the symmetries of the CH4 and Hz0 internal rotor wave functions, and thereby the overall symmetries of the VRT states, but the resolution required for this kind of measurement is beyond the capabilities of our instrument.
IV. RESULTS
Extensive scannings have been carried out in order to observe all the eight lower states reported in the MW work.* Thirteen different VRT bands have been assigned in all. The assigned lines have been fit to a standard pseudodiatomic Hamiltonian +qhvv+w3+"'~.
(
The Z-type doubling constants (q) characterize the difference in rotational energy levels for ( + > and ( -) parity states with L2 > 0, the degeneracy of which is lifted by Coriolis coupling. A minus sign in the Z-type doubling term of Eq. ( 1) ber R. The value of s1 is assigned based on the lowest J value present in the rotational manifold (because J>Cl).
As previously noted, a state is assigned as having E symmetry if there is no parity doubling or as A/F otherwise. A subscript is used to label different bands with the same symmetry. In some cases a sextic distortion constant is introduced in order to obtain a better fit. It should be noted that this additional constant is likely to account for a Coriolis perturbation, and has no mechanical significance. The results obtained in this way are identical to the results of fitting combination differences for the lower and upper state separately. In the case of an A/F symmetry a> 1 c R) 1 band, two subbands are observed since both the lower and upper states are parity split. The two columns in Tables IV and  IX under the heading A+II refer to the two subbands for bands (A/F) 3 and (A/F) 7, respectively. The (A/F) 6 band in Table IX has been assigned by lower state combination differences and shares this state with the (A/F), band. Because the upper state is strongly perturbed, the lower constants have been fixed to values obtained from the (A/ F)7 band fit and results of separate fits for each band are reported. In Table IV the upper state of the first A+ Il subband of the (A/F), band is perturbed, thus this subband has been fit constraining the lower state spectroscopic constants to the values obtained from a joint fit of the Z+II band and of the other A-II subband. Figures 1 (a) and 1 (b) present an overview of the experimentally determined VRT energy differences in CH4-H,O. The eight lower states are all reported at zero energy because there is no experimental constraint on their relative energy separations. The observed states are tentatively grouped as having either ortho or para symmetry with respect to water, based on the assumption that the CH, subunit experiences a fairly isotropic potential. Thus, we will employ an Ar-H,O-like energy level structure7 complicated by the CH, internal dynamics. The CH,H,O bands observed in the 18-19 cm-' region correlate to the n = 0 Il ( 1 to) + Z ( loi ) transition of Ar-HZ0 occurring at 21 cm-'; the bands observed in the 24-35 cm-' region correlate to an Ar-Hz0 transition originating from the para ground state X(0,).
(The quantum numbers in parentheses refer to the water rotational level from which the vibrational level arises, and n refers to the number of quanta in the intermolecular stretching coordinate.)
A. Ortho states
The two VRT bands with origins at 18.06 and 18.10 cm-' [(E) t and (E)2, respectively] originate in the same II state, as evidenced by lower state combination differences. The first one is a B+-II band, confirmed by the presence of P( 1) and Q( 1 ), and the second one is a A + Il band, because Q( 1) and P ( 2) For all the six observed VRT bands the difference between the upper and the lower state rotational constants is <0.3%, suggesting that the two states accessed by each band sample a similar range of the radial coordinate.
B. Para states
The VRT bands with widely ranging band origins tentatively assigned as connecting para states are E symmetry bands. In fact the B+ II band at 24.73 cm-', the A+II band at 27.40 cm-', and the II+II band at 35.29 cm-' [(E) s , ( E)4, and (E) 5, respectively] all share the same II lower state, which seems to sample the same radial region as the E ortho states, as evidenced by their nearly identical rotational constants.
The pattern of the remaining bands in the region 28-3 1 -t is similar to that of the A/F ortho transitions. For all these bands, the rotational constants are only O.3%-3% smaller in the upper states than the lower states, minimizing the possibility that these spectra correspond to intermolecular stretching vibrations of the cluster. For example, in the case of Ar-Hz0 the change in the upper states of the stretching bands is larger than 5%.5 C. Interpretation of the spectrum As previously mentioned, the CH,-HZ0 complex might be expected to have a similar VRT energy level structure to that of the Ar-HZ0 complex. In fact the lowest nonvanishing multipole moment of CH, is the octopole, and the enhanced role of the electrostatic contribution in CH4-HZ0 relative to Ar-HZ0 should be responsible for the difference between the anisotropy of the two clusters, as reported by Szczt$niak et al. l5 We shall describe the VRT spectrum of CH4-HZ0 as that of two weakly coupled free internal rotors. The angular momentum of each rotor will be independently coupled to the cluster frame, but the two rotors will only weakly couple to each other. If the electrostatic contribution in CH,H,O, which includes high order multipole interactions and charge overlap effects,'5 do not drastically change the Ar-H,O-like interactions, then the spectrum would be expected to display many transitions near 2 1 and 37 cm-'. Near 21 cm-', these would correspond to differ- as well as several bands spread in the but mainly concentrated around 30 cm-', we have assigned as ortho states those involved in the low frequency bands, and as para states those observed at higher frequency.
We have been able to unambiguously assign the states of E symmetry as discussed above. In an attempt to determine the symmetry of the remaining energy levels we can exploit, at least for the para lower states, the energy correlation diagram reported by Ohshima and Endo in their paper on CH4-HCI.13
These authors studied the internal rotation of methane in the complex, assuming the HCI is positioned with the hydrogen atom pointing towards a face-center of the CH4 tetrahedron. With this geometry there are four equivalent configurations, leading to a fourfold degeneracy for each energy level in the absence of internal rotation. This degeneracy is partially removed when tunneling between the four minima occurs because of the low potential energy barrier to the internal rotation of CH4. The reported corDore et al.: Spectroscopy of methane-water 869 relation diagram for the complex energy levels as a function of the lowest-order anisotropic term, V,, shows that a pair of B states of A and F symmetry, and an E symmetry lI state can be populated in a 5 K molecular beam. An additional F symmetry II state can also be significantly populated depending on the value of the V3 anisotropic term, since the two F symmetry states get closer in energy as V3 becomes smaller. Thus, for states correlating to the 0, para ground state of water, these considerations lead us to expect one E symmetry lI state, two Z states (one of A and one of F symmetry), and possibly, one F symmetry II state.
In Table XI the spectroscopic constants of the observed lower states are reported. The states are labeled by their R quantum number and a progressive index [which corresponds to the order, from left to @ght, of the lower states presented in Figs. 1 (a) and 1 (b) ], for identification purposes the VRT bands originating from each state are reported in the rightmost column. For the two II states of A/F symmetry, the rotational and centrifugal distortion constants for each parity component are reported. Among the lower levels assigned as correlating to the 0, para ground state of water, we observe, in fact, a I'l state of E symmetry (#5 of Table XI), and two Z (#6, 8), and one II (#7) states of A/F symmetry. This observation substantiates the assignment and allows us to assign the #7 II state as having F symmetry. The question then arises about which Z state is the A symmetry ground state and which one is the F symmetry state.
The force constants computed from the rotational and centrifugal distortion constants in the pseudodiatomic approximation (see next section) are 3.59 N/m for state #6, and 1.52 N/m for #S. A comparison to the force constant values of CH4-HX type clusters12 reported in Table XII suggests that the 3.59 N/m value is too high, while the 1.52 N/m value compares well to the force constants of these CH4 containing clusters which exhibit methane internal rotation. The unrealistic force constant derived from state #6 is most likely due to the effects of Coriolis coupling, which are not expected to be significant for the relatively isolated A+ I; state.
Thus, assuming state #8 is the para ground state, then state #6 would be a para state of F symmetry perturbed by the nearby F symmetry Il state (#7b). This picture is confirmed by considering the mean value of DJ for the two perturbing states. It is found that this value of 124.33 kHz is very close to the DJ value for the unperturbed component of the II state (#7a). This is characteristic of a Coriolis interaction occurring between two states." In addition the #2a, 4, 7a states have spectroscopic constants similar to those of the ground state, indicating that these relatively unperturbed states sample the same radial region. The mean value of R,, for states #2a, 4, and 7a is 3.701(2) A, compared to 3.7024 A in the ground state. via Coriolis effect, which requires that they have the same symmetry. If we correct the rotational constants of the #3 and #6 B states, which are pushed down in energy by interaction with the #2b and #7b Il states lying above them, respectively, by the value of the q constant of the corresponding perturbing II state, we can observe that the # 1 and #5 E symmetry II states and these two B states (#3 and #6) sample a region of the potential surface having R,, =3.730 (2) b;.
In previously studied CH, containing clusters,9-13 the rotational constants vary only slightly with the methane internal-rotation states, suggesting that the same radial region is sampled. In CH,H,O, on the other hand, the methane internal-rotation states seem to sample two different radial regions, in the same way for ortho and para states. This is most likely due to angular-radial coupling.
The observation, reported above, that ortho states #2 II and #3 X should have the same symmetry suggests an assignment for these states. We have assumed that the observed ortho bands connect states correlating to the lo,, level of Hz0 to states correlating to the I,,a level, and we are in the hypothesis of CH,, and Hz0 being weakly coupled internal rotors. Therefore we cannot observe any A state of A symmetry, since the observed A symmetry states should correlate to the j =0 methane function (as the j = 3 function is much higher in energy) and R< 1. We have, in fact, observed a VRT band connecting the #2 fI state to a A state [(A/F),], indicating that these are not A symmetry states. Therefore, the two interacting Z and lT ortho states ( #3 and #2) should be assigned to F-symmetry, and the last unassigned ortho state (#4 X) has to be assigned to A-symmetry. The same argument applies to the para states, since they correlate to the 0, and 1 t t levels of H20, thus confirming the previous assignment. The #7 II state assigned to F+ symmetry is in fact connected to a A state
Even though the assignment given above is supported by several convincing arguments, it nevertheless must be considered somewhat tentative. Additional spectroscopic data will be required to resolve remaining questions regarding the complicated nature of the VRT states for this cluster.
D. Pseudodiatomic potential
Within the pseudodiatomic approximation, the average center of mass separation R,, , the force constant k,, and the harmonic frequency w, for the vdW stretching are expressed as J. Chem. Phys., Vol. 100, No. 2, 15 January 1994 TABLE XI. Rotational and centrifugal distortion constants for the observed lower states. The leftmost column is a progressive index that corresponds to the order, from left to right, of the states presented in Figs.  1 (a) and 1 (b) N/m. Having a very similar vdW bond length, the larger force constant of the CH4-H20 indicates that it is more strongly bound than Ar-H20. The harmonic stretching frequency is likely to be overestimated by -lO-20%, as suggested by experience with other clusters, but this value confirms that the VRT bands reported here, all of them below 35.5 cm-', are not intermolecular stretching bands.
V. DYNAMICAL CALCULATIONS
Because of the difficulties in interpreting the complicated spectral pattern observed, we have estimated the VRT energy level pattern by calculation of the angular Hamiltonian in a basis set which is most appropriate for strong coupling of the water and methane internal angular momenta to the cluster frame. The IPS that we have employed is a spherical expansion of the ab initio surface reported by Woon et al., 17 which was the only full surface available when this work was in progress. 
A. Computational methods
The dynamical calculations used to determine the VRT energies involve solving the Schriidinger equation for the internal motions of monomers on a six-dimensional IPS. Brocks et al. 24 have derived a Hamiltonian and the matrix elements in the angular basis for the general interaction of two polyatomic species. Our initial statement of the problem closely follows their prescription, and the subsequent calculations of VRT dynamics in the ammonia dimer done by van Blade1 et aZ. 25 The coordinate system employed for the interaction of methane with water, shown in Fig. 2 , is a generalized Jacobi coordinate system with the origin at the H20 (denoted molecule A in many of the equations) center of mass, and with R being a vector from this origin to the center of mass of the CH4 molecule (denoted B). The (right handed) internal frames chosen for the subunits are as follows: for H20 the Y-axis is along the symmetry axis and the ?-axis is in the plane of the molecule; for CH4 we orient the molecule such that the hydrogens are at positions (r,tt,r,+r,tt) = (l,l,l), ( -l,-l,l) , ( -l,l,-l) , and ( 1, -1, -1). The x", y", and z" axes each bisect two HCH angles. The coordinates of the internal frames relative to the body-fixed frame are chosen such that 8, is the angle between the CH, z"-axis and the vector R, and rjs describes the rotation of methane about this axis, with $B=O when x"-axis is coplanar with R and z". The angle 0, is the angle between the Hz0 symmetry axis and R, and +,, describes the rotation of water subunit about this symmetry axis, with 1$~=0 when the XI-axis is coplanar with R and z'. The final angle necessary to fully specify the geometry of the interacting pair is x=xA -xB (we can assume xB =0), a dihedral angle which specifies the relative angle between the two molecule-fixed z-axes.
The Hamiltonian for the interaction of CH4 and H20, averaged over the respective monomer ground vibrational states, is + URXA $A 4~ ,xB,~B,$B), (3) where ,Q is the pseudodiatomic reduced mass, j is the sum of the rotational angular momenta of each of the two monomers, and J is the total angular momentum of the system. The vibrationally averaged monomer Hamiltonians, HA and H,, are both of the form H = l&j:2 + B&" + Bj^,m' .
The superscript m is used to refer to operators written in the body-fixed Cartesian frame of the monomer. The monomer Hamiltonians reduce to the usual spherical rotor and asymmetric rotor expressions for CH., and H,O, respectively. The Coriolis operator -2j^ * .? is expressed as
where g* =j,$, .7* =&cJy.
We expand the trial wave function in a complete angular basis c wb ~~~~(X.,,eA,~A)D~~~(XB,BB,~B) X (j,ndssl,lj.cz)D~~(a,P,O), (6) where @&*(y,&a) is a normalized Wigner rotation matrix in the phase convention of Condon and Shortley, and the quantity in angle brackets is a Clebsh-Gordon coefficient. Matrix elements of the kinetic energy operators in this basis are given by Brocks et a1.24 To reduce the order of the Hamiltonian matrix, linear combinations of the primitive basis of Eq. (6) are taken which transform as irreducible representations of molecular symmetry group G4s. The Wigner D-matrices which represent internal rotation of the methane are symmetrized to give functions of At, A;, E+, Fit, and F$ symmetry under G,s. They are tabulated by Smith and Secrest26 through j= 8 in the T(M) group, which has the symmetries A, E, and F. The subscript 1 and 2 are assigned using the intermolecular potential as a ladder up the rotational manifold. The potential energy operator only connects states of the same symmetry. Starting with the function IO,), r=A,, 1S2)-13-2), T=A,, the rest of the eigenfunctions may be assigned a definite parity. Internal rotor functions for water are the usual Wang combinations of symmetric rotor functions. They transform as A, and A, (k =even, para), B, and B2 (k= odd, ortho) , under the V group of the asymmetric rotor Hamiltonian, and as A:, A$ and Ai, AT, respectively, under G4s. Finally, parity adapted eigenfunctions for the A and F representations are generated by taking positive (E= 0) and negative (E= 1) linear combinations of functions with 1 R 1 )O. Overall rotation functions with ( -1 )+-Ii+) = 1 transform as A? and functions with ( -1) (J--j+E) = -1 transform as A,. The symmetry of the total rovibrational wave function is the direct product of the symmetry of the component func-.tions. The Hamiltonian does not couple states of different overall symmetry with respect to G4s.
In these dynamical calculations we employ two approximations in order to make the numerical calculations possible with the available computer resources, the reversed adiabatic approximation (RAA), and the helicity decoupling approximation. In the RAA we assume that the effective radial potential which is sampled by the bending VRT states of interest is the same for all of these states. For this to be true, this effective angular potential must average over the radial wave function in exactly the same way for all of the bending states of interest. In other words, the angular-radial coupling must not vary from state to state. The IPS which we consider will be then an effective fivedimensional angular surface, and not the full sixdimensional surface described above. This simplifies consideration of the form of the potential considerably, since we are then able to replace all functions of R by numbers which correspond to the effective radial matrix elements. The helicity decoupling approximation involves the neglect of the Coriolis terms (J, ,j,) which split the otherwise degenerate pairs of A,,, and F,,, levels in states with fi > 0. These terms are observed to be in the range 0.001-0.005 cm -I in the experimental spectrum. In this approximation, the body fixed projection fI is a good quantum number.
The Hamiltonian was evaluated for J=2 with a basis set determined by j,""" = 4, jf"" = 7, jmax= 8, which was sufficient to converge the lowest energy levels to an accuracy better than 0.5 cm-'. The calculations were performed on a CRAY-XMP/14. B. The intermolecular potential energy surface Woon et al. I7 employed ab initio Hartree-Fock and second order many-body perturbation theory to generate data for the pair potential of CH,-H,O. They then fit 33 points to an atom-atom potential including exponential repulsion, Rm6 and electrostatic attraction as interaction terms. Few ab initio points were used, since they were sufficient to describe the region near the minimum; this treatment may very well be inadequate for our case, as the VRT states accessed by our spectra sample a very large region of coordinate space. Another weakness of this surface is the disagreement between its global minimum, which occurs at a geometry with a methane hydrogen pointing toward the water oxygen, and that reported by Szcz&iak et al., l5 where their higher level ab initio calculations find the minimum energy with a water hydrogen pointing toward a face-center of the methane tetrahedron.
The atom-atom potential has been expanded in a complete set of orthogonal angular functions for use in the calculation of the VRT energy levels, =w%R)A (X 8 4 X 8 d 1 A A, A, A, BY BP B 9 (7) where A refers to the set of quantum numbers (L, ,KA, LB,KB,L).
The matrix elements of the angular potential have been derived by Brocks et al.24 Since the angular functions form an orthogonal set, the V,, dynamic coefficients for the atom-atom potential can be calculated by integrating over all angular coordinates.25 We have used a 14 point Gauss-Legendre quadrature for polar angles 0, and eB on the interval [O,r] and only coefficients greater than 0.6 cm-' are considered, the truncated potential reproduces the atomatom potential to -5%. The calculations are performed with R fixed at 3.89 A, the value at which the site-site potential exhibits the global minimum.
C. Results
Figures 3 (a) and 3(b) show the energy level diagram for J=2 para and ortho states, as obtained from the calculations. The methane symmetry labels are reported at the bottom of the diagrams, the capital Greek letter at the left of each level refers to the vibrational angular momentum R, and the sign in front of the Z states refers to their parity. The numbers at the right of each level are the rotational states of the methane and water monomers to which the level mainly correlates. Even if a state is the result of the mixing of several basis functions, it is still possible to relate it to a methane and water basis state in order to determine which CH4-H20 transitions should correlate to the H20 transitions of interest, assuming the propensity rule A jCH, = 0.
The pattern of the lower para states supports the results obtained by Ohshima and Endo;13 we have an A symmetry Z state, an E symmetry II state, and two E symme- In addition, the F symmetry Il upper state is predicted to lie above the B and A states, in contrast with the (A/F), lI+B band observed at 28.16 cm-'. The agreement between the calculated and experimental results is even worse for the E symmetry case; the Il -+ II, A, Z transitions are predicted in the range 47-50 cm-', with the upper levels closely spaced and in the order shown. This is in sharp contrast with the observation of the B state 2.7 cm-' below the A state, which is in turn 7.9 cm-' below the II state.
The computed energy level diagram of the ortho states is very dense, and it is impossible to determine the correlation between observed bands and predicted bands, as described above for the para states. The pattern of the lower states does not agree with the observed ordering, and, with the exception of an A symmetry ); + II band at 23 cm-', all the transitions correlating to the 1 iet loi water transition are predicted to occur above 30 cm-'.
Unfortunately, the reported calculations are inconclusive, and no one of our assignments can be confirmed in terms of the results. A major inconsistency is that there is no evidence for a concentration of the ortho transitions at frequencies lower than the para bands; the ortho bands are not predicted to occur below 30 cm-'.
The most probable reason for this failure is the inadequacy of the atom-atom potential, which has been optimized only in the minimum region. In addition, this potential is likely to improperly locate the global minimum, as already discussed. Of course, an obvious deficiency of this calculation is the use of the RAA, required here by the limits of available computer facilities. We have in fact observed evidence for angular radial coupling, and perhaps we cannot confine the calculations to the angular degrees of freedom alone, but must include the radial coordinate explicitly. Future dynamical calculations must address these problems in hopes of successfully obtaining the energy level diagram for the methane-water complex from a first principles calculation.
Vi. CONCLUSIONS
Extensive measurements in the FIR region from 18 to 35.5 cm-' have been performed for the methane-water dimer with the use of tunable laser techniques, leading to the rotational assignment of thirteen VRT bands. By analogy to the argon-water cluster and relying on a published study on the methane internal rotation in CH,-HCl complex,13 an interpretation of the spectrum has been proposed. The basic hypothesis of this interpretation is that the anisotropy of the intermolecular potential is fairly weak, and the monomers undergo hindered rotations within the complex. Therefore, the VRT energy levels of the dimer will correlate strongly with the rotational levels of each monomer, leading to para and ortho nuclear spin conformers of A, F, and E symmetry.
In the framework of this hypothesis, dynamical calculations in a basis set of free rotor functions have been performed employing an analytical ab initio potential." Even though the agreement between the predicted and the observed VRT transitions is not entirely satisfactory, these calculations support out the assignment of the lower para states, and the hypothesis of low anisotropy. Since the weakest aspect of our dynamical calculations is the ab initio site-site potential employed, a more reliable analytical surface, such as that reported by Szcz$niak et al.,15 will enable us to compute a VRT energy level diagram in better agreement with the experimental observations. However, the RAA treatment may force some inconsistencies as well. Clearly, a full six-dimensional treatment of the VRT dynamics would be preferable.
The experimental data can give considerable insight into the nature of the IPS. For instance assignment of bands sharing a common F symmetry para upper state would lead to the determination of the energy separation of the B and II states labeled #6 and #7 above, thus allowing an estimate of the lowest-order anisotropic term relative to the methane subunit (I',,,,) .
However, many terms in the series expansion of the potential are important, and they will ultimately be required to accurately describe the forces in all six dimensions in the range of configuration space sampled by the bound vibrational levels. In any case, it is clear that high resolution FIR spectroscopic data will ultimately provide the means to determine a detailed and accurate six-dimensional IPS, as advances in computational methods and hardware proceed.
Note added in prooj Recent Fourier transform microwave spectroscopy measurements of the hydrogen nuclear hyperfine splittings in CH4-H,O' confirm our assignment of the water symmetry states and are consistent with our assignment of the methane symmetry states.
